The hippocampus and other medial temporal lobe structures have been linked to both memory and spatial cognition, but it has been unclear how these ideas are connected. We carried out parallel studies of path integration in patients with medial temporal lobe lesions and rats with hippocampal lesions. Subjects entered a circular arena without vision, searched for a target, and then attempted to return to the start location. Patients performed accurately, and as well as controls, so long as the outward path was relatively direct and the target was found within 20 s. In sharp contrast, rats with hippocampal lesions were impaired, even when the outward path was shorter than 1 m, involved no turns, and the target was found within 3 s. We suggest that patients succeeded because performance could be supported by working memory and that patients and rats differ after hippocampal lesions in their ability to construct a coherent working memory of spatial environments.
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amnesia | navigation T wo ideas have been central to recent discussions about the function of the hippocampus and other medial temporal lobe (MTL) structures. One idea emphasizes the role of these structures in memory (1) (2) (3) and the other emphasizes their role in spatial cognition, including spatial navigation and path integration (4) (5) (6) . Path integration refers to the ability to use selfmotion cues as one moves through space to keep track of a reference location (7, 8) . These two ideas are compatible with each other to a large extent, because path integration requires memory, but there is potential mismatch as well, and it has been unclear how the two ideas relate to each other.
Discussion of the MTL and memory typically draws a fundamental distinction between working memory and long-term memory. Working memory (the limited amount of information that can be held in mind by active maintenance) is thought to be independent of the MTL and spared after MTL damage (9) (10) (11) (12) , whereas long-term memory is impaired (13) . One might therefore expect that path integration should be intact after MTL damage whenever performance can be managed within working memory. In one study (14) , memory-impaired patients with bilateral damage to the hippocampus or adjacent MTL structures were able to path integrate as well as controls in conditions when working memory likely supported performance (i.e., for paths involving only one or two turns and trial durations shorter than 35 s). In this study, however, the procedure was quite different from the standard methods traditionally used to test path integration in experimental animals.
Discussions about path integration in rodents emphasize the possible role of hippocampal place cells and entorhinal grid cells in computing information about spatial location (5, 6) . If MTL structures are needed to carry out the computations needed for path integration, then MTL damage should impair path integration even in the case of short paths and short trial durations. That is, in the case of path integration, the distinction between working memory and long-term memory might be irrelevant. Most studies of path integration after hippocampal or entorhinal damage in rats have found impairment (15) (16) (17) (18) ; but see ref. 19 ). However, it is notable that none of these studies reported how long it took to complete the trials. Accordingly, it remains possible that the animals in these studies might have performed well whenever trials were accomplished quickly, because in those instances performance might have been supported by working memory.
To address these issues, we carried out parallel experiments of path integration in humans and rodents. In both experiments, subjects searched for a target in a circular arena in the absence of vision and then tried to return to the start location. We assessed the accuracy of path integration as a function of three different measures: the distance traveled on the outward path, the time needed to find the target, and the number of turns taken on the outward path.
Results Experiment 1: Path Integration in Humans.
Overall performance across all trials was similar for the two groups [controls = 51.6 ± 4.2°error; patients = 57.8 ± 5.4°error; t(14) = 0.9, P > 0.1]. Both scores were better than chance (90°) (all P < 0.05). To assess variability in individual performance, the SD of each participant's return scores was also calculated, and the individual SDs were then averaged for each group. These scores (68.6 ± 5.3°for controls and 77.2 ± 2.7°for patients) indicated that the two groups exhibited a similar dispersion in their return paths [t(14) = 1.0, P > 0.1].
For both groups, the accuracy of the return path was better and well above chance levels when the distance traveled on the outward path was short (Fig. 1A) , when the tile was found quickly (Fig. 1B) , and when only a small number of turns were taken on the outward path (Fig. 1C) . The two groups performed similarly according to each of the three measures and at every bin size (all P > 0.15 with two exceptions; at three turns, Fig. 1C , P = 0.07; at 20 s, Fig. 1B , P = 0.08). For both groups, the accuracy of the return path gradually declined to chance levels because participants had more difficulty finding the tile. Even for controls, performance approached (or reached) chance levels when the outward path was > 8 m, when > 30 s was needed to find the tile, and when more than one turn was taken on the outward path.
In the rotation condition, participants were unable to return accurately to the start location (Fig. 1A) . Because the perceived direction heading was shifted systematically by rotation, accuracy was even worse than chance levels (all P < 0.05). There was no difference between groups [t(14) = 0.9, P > 0.1]. This result confirmed that participants were relying on self-motion cues to accomplish the task and did not have available other external cues.
Both groups demonstrated a gradual and similar decline in their confidence about the accuracy of the return path as the time taken to find the tile increased (Fig. S1 ). The results were the same when confidence ratings were plotted as a function of distance traveled or number of turns taken. For the 10 factual questions asked at the end of the test session, controls averaged 8.0 correct answers. Patients performed more poorly than controls, averaging only 5.0 correct answers (P = 0.01). Thus, despite the fact that the patients performed as well as controls at path integration, their memory for the test session itself was markedly impaired. Rats took substantially more time to locate the object during dark trials than during light trials [43.9 ± 3.2 s vs. 8.1 ± 1.0 s; t(5) = 13.3, P < 0.01]. This finding indicates that rats were unable to use visual cues to guide their performance.
Odor test. Control rats tended to return to the original start box location more often than to the displaced start box and its associated odor trail and more often than to the box opposite the odor trail (18.3 ± 1.8% vs. 8.9 ± 1.6% and 10.0 ± 2.0%; all P < 0.05). This finding indicates that rats used path integration rather than odor trails to return to the open box. The rats with complete hippocampal lesions (H group) did not discriminate among the three locations.
Standard trials. The control group performed best when the distance traveled to the food was short ( Fig. 2A) , when the food was found quickly (Fig. 2B) , and when only a small number of turns were taken on the outward path (Fig. 2C) . The accuracy of the return path declined as animals traveled further to find food, took more time, and made more turns. The animals with H lesions performed differently. For the H group, performance was poor even when rats traveled short distances to find food, when they found food quickly, and even when they made no turns. Specifically, compared with the control group, the H group was impaired when rats traveled 2 m or less on their outward path, when they took 6 s or less to find food, and when they made zero or one turn [ Fig. 2 ; all t(10) > 2.5, all P < 0.05]. For longer distances, longer times, and greater number of turns, both groups performed poorly. Note that an animal performing entirely randomly should be expected to achieve a score of 2 on this task. We also calculated how often rats returned to the correct start box before visiting other boxes (percent correct). The H group was impaired relative to its control group for seven comparisons (for 0-1 and 1-2 m; for 0-3, 3-6, and 6-9 s; and for zero and one turn). For these seven comparisons across all three measures, controls averaged 47.8% correct choices, and the H group averaged 12.9% correct choices [all t(10) > 2.4, all P < 0.05]. Neurohistological findings. Fig. 3 shows reconstructions of coronal sections through the hippocampus of the lesion group; numbers represent the distance posterior to Bregma. All lesioned rats sustained bilateral damage to all cell fields of the hippocampus. The damage included 85-97% of the hippocampus (mean = 93%). Sparing occurred most frequently to the most medial aspect of the dorsal dentate gyrus and the dorsomedial CA1 cell field. The ventral-most region of the hippocampus was also spared in some animals. In all rats, there was some damage to the cortex and to the fimbria overlying the dorsal hippocampus, which was associated with the placement of the syringe during surgery and with spread of neurotoxin up the needle track. Two rats had minor damage to the posterior aspect of the lateral entorhinal cortex and posterior subiculum. There was no evidence of damage to the amygdala or thalamus in any animal. Fig.  S2 shows histological images at three anteroposterior levels for each rat.
Discussion
In two experiments, one with humans and one with rats, we assessed the capacity for path integration after bilateral damage to the hippocampus. In both studies, subjects entered a circular arena in the absence of vision, searched for a target, and then attempted to return to the start location at the perimeter of the arena. Experiment 1 demonstrated that patients with lesions to the hippocampus or larger MTL lesions returned to the start location accurately, and as well as controls, so long as the distance traveled on the outward path was short, the target was found quickly, and when only a small number of turns were taken on the outward path (Fig. 1 ). Patient and control groups also made similar confidence judgments about the accuracy of their returns (Fig. S1 ). Performance of both groups approached chance levels as participants had more difficulty finding the target. A control condition, in which path integration was disrupted by rotation, confirmed that performance depended on self-motion cues and not on other cues beyond experimental control (Fig. 1A) . Last, despite the fact that path integration was intact when the path was short and direct, patients were impaired after the session at remembering facts about the tasks they had just completed.
It is often reported that controls outperform patients as a task becomes more difficult and as the material to be remembered comes to exceed what can be supported by working memory (see figure 3 in ref. 10) . In that situation, controls can draw on their long-term memory, but patients cannot. In the present case, however, controls never outperformed the patients. Instead, their scores approached chance levels as the task became more difficult. It appeared that once participants traveled a sufficient distance and made a number of turns, they became lost. Working memory could support performance up to a point, but beyond that point it was not possible to transfer accurate information into long-term memory, presumably because of the interfering effects of additional distance, time, and turns, and the accumulation of errors. There is precedent for this idea that memory can be vulnerable to interference during the seconds after learning such that little long-term memory is formed. When humans or monkeys tried to memorize the pitch of a single tone or a synthetic sound, recognition accuracy deteriorated rapidly (within seconds) when intervening sounds were presented (20, 21) .
In sharp contrast to the findings for humans, experiment 2 demonstrated that rats with complete hippocampal lesions were impaired at path integration relative to controls even when the outward path was shorter than 1 m, even when the target was found within 3 s, and even when animals made no turns on the outward path (Fig. 2 ). Both groups performed poorly for longer distances, longer times, and greater number of turns. Control conditions ruled out the relevance of visual or olfactory cues.
In earlier studies, rats with hippocampal lesions also exhibited impaired path integration (15) (16) (17) . However, performance was not evaluated as a function of the time required to accomplish each trial (or as a function of distance traveled or number of turns taken). Accordingly, it remained possible that rats might succeed when trials were completed quickly and the paths to the target were short and direct. The present study, however, demonstrated impaired path integration after hippocampal lesions, even on trials when rats took short, direct paths to the target that required only a few seconds.
We have considered two possible ways to understand these contrasting findings for humans and rats. One possibility is that humans and rats used different strategies to accomplish path integration. For example, rats may have used self-motion cues exclusively, and the impairment after hippocampal lesions then reflected the failure of the hippocampus to carry out computations necessary for spatial navigation. Perhaps humans found an alternative way to accomplish the same task that did not require the specific contribution to the task that is supported by the hippocampus. Although it is difficult to exclude this possibility, we cannot identify any particular strategy that participants used. Most participants simply described trying to visualize the environment and keep track of where they were (i.e., as if they were using self-motion cues). A few participants reported trying to count their steps, but these participants performed no differently than those who did not report counting. In any case, it is unclear how counting steps could aid performance, inasmuch as what is important to good performance is not only keeping track of the distance traveled but also the angles through which one moves. No participant reported performing verbal calculations for the turns that were made.
A second possibility turns on the organization of working memory in humans and rats. In an earlier study of path integration in patients with MTL damage (14) , performance was also intact when path lengths and trial times were short. We supposed that performance in that case reflected the successful maintenance of spatial information within working memory. First, just as in the present study, participants were encouraged to hold actively in mind the paths they took as they moved so that they might later be able to point to their start location. Second, performance of patients was disrupted when efforts were made to interfere with the maintenance of working memory by introducing distraction. In the present case, we suggest that patients also relied on working memory to accomplish path integration when the path lengths and trial times were short. Working memory in humans is independent of the MTL and intact after MTL damage (9) (10) (11) (12) 22) .
If working memory can support path integration in patients with MTL lesions (so long as the path is simple), what accounts for the inability of rats with hippocampal lesions to path integrate even under the simplest of conditions? One possibility, which has been given little attention, is that rats may be limited in their ability to construct a coherent working memory of spatial environments. Under conditions where spatial working memory is effective, it is thought to depend importantly on medial prefrontal cortex (mPFC) (23) (24) (25) (26) (27) . A related idea is that the mPFC works in collaboration with the hippocampus to accomplish spatial working memory (28) (29) (30) (31) (32) . Specifically, successful performance has been related to synchronous activity of prefrontal neurons and hippocampal theta oscillations (see ref. 33 for a review).
Thus, there are two ways that the organization of working memory in rodents could account for the effect of hippocampal damage on path integration. First, poor path integration after hippocampal lesions may reflect a need to depend on long-term memory (because spatial working memory capacity in the rodent is limited). The situation would be analogous to patients with hippocampal lesions who are impaired at recalling 10 word pairs immediately after learning (34) , because in humans remembering 10 word pairs exceeds the capacity of working memory. The point is that performance can depend on long-term memory even when memory is tested within seconds of learning (also see ref. 35) , and performance after hippocampal lesions will be impaired within seconds after learning whenever working memory capacity is exceeded. Indeed, several studies have reported impairments in rats performing spatial tasks at short delays after hippocampal lesions: spontaneous or forced-choice alternation at delays of 0-5 s (36, 37) and matching to position at delays of 1-10 s (25, 38) . Note however that for object recognition tasks, rats with hippocampal lesions have exhibited intact performance at short delays (and impaired performance at longer delays) (39, 40) . In any case, impairments at short delays in spatial tasks could reflect a need to depend on long-term memory.
A second possible reason for impaired path integration after hippocampal lesions is that performance may reflect an impairment of working memory itself. For example, the rodent hippocampus could contribute to spatial working memory by providing essential spatial information to prefrontal cortex. A potentially important difference between humans and rodents is that the human hippocampus, in comparison with rodent hippocampus, makes a relatively weak contribution to cortical theta, and hippocampal and cortical theta are not reliably synchronized (33) . Thus, the interaction between the hippocampus and mPFC in rats may be more critical for working memory than it is in humans. Specifically, a hippocampal lesion in rats might be expected to have a larger effect on mPFC function than a hippocampal lesion in humans. If so, spatial working memory and long-term memory may not be as sharply distinguished in the rodent as in humans.
In summary, in tests of path integration, fundamentally different findings were obtained after hippocampal lesions in humans and rats. The findings for humans may be understood in terms of the historic distinction between working memory and long-term memory and the idea that working memory is independent of MTL function. Specifically, path integration succeeded when the outward path was simple and direct and when the task could presumably be managed within working memory. In contrast, rats with hippocampal lesions failed to path integrate even under the simplest conditions (when they traveled less than 1 m within 3 s and made no turns). We considered two possible ways to understand these data. First, humans may have found an alternative strategy for path integration that did not depend exclusively on self-motion cues or a strategy different in some way from the spatial strategy thought to support path integration in the rat (and depend on the hippocampus) (5, 6) . Second, we suggest that rats may have failed path integration because (unlike humans) they are limited in the kind of information that can be supported by working memory. Thus, after hippocampal lesions, rat prefrontal cortex may be unable to construct a coherent working memory for spatial environments, either because the capacity of working memory is exceeded or because prefrontal cortex does not have input that it needs from hippocampus. One patient (G.P.) has severe memory impairment resulting from viral encephalitis. He has demonstrated virtually no new learning since the onset of his amnesia, and during repeated testing over many weeks he does not recognize that he has been tested before (44) . G.P. has an average bilateral reduction in hippocampal volume of 96%. The volume of the parahippocampal gyrus is reduced by 94%. Eight coronal MRIs from each of the five patients are available in Fig. S3 .
Materials and Methods
Eleven healthy volunteers also participated (three females; mean age, 61.3 y; range = 25-76 y; mean education, 14.8 y). All procedures were approved by the Institutional Review Board at the University of California at San Diego, and participants gave written informed consent before participation. Apparatus. The experiment was carried out in an indoor circular space (4-m diameter). A string was laid out on the floor and marked every 5°to describe the perimeter of the circle (arc length = 17.4 cm). Participants wore a blindfold and noise-cancelling earphones; a walker was provided for safety. Path integration. The task was to start from one of eight equidistant locations on the perimeter of the circle, find a square tile (19 cm) placed on the floor within the circle, and return to the start location. On each trial, the tile was equally likely to be within one of the six 45°segments of the circle that were most remote from the start location. In addition, the tile could be in any of four positions along a radius within a segment: near the origin, 0.75 m from the origin, 1.5 m from the origin, and near the perimeter. Of these 24 possible tile locations, 16 different locations were selected for each session.
Participants could detect the tile with their feet or with the wheels of the walker. If the participant reached the perimeter of the circle while searching for the tile, he or she was guided back into the circle. If the participant could not locate the tile within 5 min (on 2.3% of the trials), he or she was guided to the tile and then allowed to return to the start point. Participants were instructed to actively maintain the start location in mind as they proceeded, so that they could be successful at returning to the start point. Immediately after completing each trial, participants provided a rating of 1-5 to indicate their confidence that they had returned to a point within one arm's length of where they had started from.
Two practice trials were given, first without the blindfold and then with the blindfold. Sixteen trials (two from each start location) were then given in which the blindfolded participant searched for the tile and then tried to return to the start location. Controls were tested in a single session. Patients were given two sessions separated by1-10 wk (2 practice trials, 16 test trials, and confidence ratings). To confirm that participants were indeed relying only on self-motion cues rather than using external cues beyond experimental control, four rotation trials were also given after the first session (14) . For the rotation condition, participants were led from a start location directly to a platform without making any turns (average duration, 5.3 s). After stepping onto the platform, participants were slowly rotated 190°by a remotely controlled motor (∼14°/s) and then tried to return to the start point. If participants were relying only on self-motion cues and were unable to use external cues, their performance should be disrupted by the rotation. After the rotation condition, participants were asked 10 factual questions (four free recall, six true-false) to assess their memory for the entire test session. The 10 factual questions about the testing session yielded a score from 0 to 10. Chance performance was estimated to be 35%.
During testing, one experimenter followed the participant with a measuring wheel to record the distance traveled on the outward path. Another experimenter traced onto a map of the arena the path taken by the participant and also recorded the time taken to find the tile. Two raters independently recorded the point on the perimeter to which participants returned (mean interrater error = 1.9°). In addition, the number of turns taken on the outward path (changes in heading direction ≥ 90°) was later counted by two raters, based on the drawings (mean interrater error = 0.3 turns). Data analysis. The accuracy of the return path (absolute difference in degrees between the return location and the start location) was measured as a function of the distance traveled on the outward path (0-2, 2-4, 4-6, 6-8, 8-10, > 10 m), the time needed to find the tile (0-10, 10-20, 20-30, 30-40, 40-50, > 50 s), and the number of turns taken on the outward path (0, 1, 2, 3, 4, > 4 turns). Participants distributed their trials rather evenly across these values, and a minimum of seven observations contributed to each of the 18 bins (three measures × six bins). Also, of the 11 controls, 9.4 on average contributed scores to each of the 18 bins. Of the 5 patients, 4.8 on average contributed scores to each of the 18 bins. Experiment 2. Subjects. Subjects were 18 male Long Evans rats weighing between 300 and 350 g at the beginning of the study. Rats were individually housed and maintained on a 12:12 h light:dark cycle and tested in the light phase of the cycle. Six rats were used to verify that visual cues could not be used to guide performance (Vision Test). Five rats were prepared with complete hippocampal lesions (H group), and seven rats served as controls (CON). All procedures were approved by the University of California at San Diego, Institutional Animal Care and Use Committee. Apparatus. The apparatus was a 2-m diameter circular Plexiglas table painted white and elevated 64 cm above the floor. Eight (12-cm diameter) holes were placed equidistant around the perimeter with centers 13 cm from the edge. Start boxes attached below each of the holes were filled with used rodent bedding to distribute odor cues. A movable mesh screen could block access to and from the boxes. The apparatus was mounted on a central bearing that allowed it to be rotated. In addition, a fixed central platform (45.5-cm diameter) was mounted flush to the table surface. In this way, the main table could be rotated while a rat on the central platform remained stationary. The apparatus could be illuminated by fluorescent lights and could also be insulated from visible light. A camera mounted above the center of the table and attached to a video tracking system (Smart Tracking, San Diego Instruments) allowed animals to be tracked in the dark by an infrared camera with the aid of infrared lights. Vision and odor tests. Methods used to test for the possible role of vision or odor trails are described in SI Materials and Methods. Path integration. Preoperative training. Pretraining began after rats were food deprived to ∼80% of their free-feeding weight. First, rats explored the illuminated table for 10 min with no food present and all boxes blocked. After 2 d of exploration, five food pellets (750-mg rodent pellets, Bio-Serv) were placed on the table, and rats were given 10 min to eat three or more pellets. After a rat had done this on two consecutive days, similar trials began with the rat inside a start box. After a rat completed three trials within 10 min for two consecutive days (exit start box, return with food to start box), training then continued with the lights off. After two successful days in the dark (three or more pellets eaten within the time limit), the final phase of training was introduced. In this phase (four trials per day), the rat was required to exit a start box in the dark, locate a single pellet on the table, and return to the same box (all other box entrances were blocked). Preoperative training was complete when a rat successfully completed four trials in a day on two consecutive days (5-min time limit). On average, pretraining required 18 d.
Surgery. Surgical methods for removing the hippocampus bilaterally are described in SI Materials and Methods.
Postoperative testing. Rats were given four standard trials (see the following paragraph) and one odor probe trial each day until they accumulated 50 standard trials. All trials were conducted with the lights off and with a 5-min time limit. Trials were discarded if the rat consumed the food on the testing table rather than returning to the start box (this occurred on fewer than 5% of the trials). The food pellet could be located in any of 12 locations distributed across the table. The order in which these locations were used was determined pseudo-randomly. In addition, each start box was equally likely to be used each day. No box was repeated until all eight boxes were used. The table was rotated between trials, and each start box was equally likely to be placed in each of eight possible locations in the testing room.
Standard trials. For the first four trials of each day, rats were placed in a start box with a food pellet placed on the table. The trial began when the rat left the start box and ended when the rat located the food and returned to the open start box. The rat was allowed to eat the pellet in the box before being removed. Data analysis. Performance was measured by how accurately the rat returned to the start box after locating the food. The animal could return to the start box itself (a score of zero), one of the boxes 45°on either side of the start box (a score of 1), one of the boxes 90°on either side of the start box (a score of 2), one of the boxes 135°on either side of the start box (a score of 3), or the box that was 180°from the start box (a score of 4). We also included a second performance measure (percent correct). This measure referred to the proportion of trials in which the rat returned to the start box before visiting any other boxes.
Performance accuracy (score of 0-4) was recorded as a function of the distance traveled on the outward path (0-1, 1-2, 2-3, 3-4, 4-5, > 5 m), the time needed to find the food (0-3, 3-6, 6-9, 9-12, 12-15, > 15 s), and the number of turns taken on the outward path (0, 1, 2, 3, 4, > 4 turns). Rats distributed their trials across these values, and a minimum of 20 observations contributed to each of the 18 bins (three measures × six bins). Also, all 7 control rats and all 5 H group rats contributed scores to each of the 18 bins. Histology. Histological methods used to evaluate the lesions are described in SI Materials and Methods. The WMS-R does not provide numerical scores for individuals who score < 50. IQ score for D.A. is from the WAIS-IV. WAIS-III, Wechsler Adult Intelligence Scale-III; WMS-R, Wechsler Memory Scale-Revised.
Supporting Information
Kim et al. 10 .1073/pnas.1300869110 SI Materials and Methods Vision Test. In experiment 2, to verify that vision could not guide behavior when the lights were off, six rats were trained, initially in the light, to find food located directly adjacent to an object (20-× 2.5-× 2.5-cm tower constructed from Legos). If the rats could use vision to guide performance with the lights off, then they should be able to locate the object (and the food) as quickly with the lights on as with the lights off. During 2 d of habituation, rats were placed on the table with all boxes closed and allowed to explore for 10 min with the lights on. Beginning on the next day, rats were placed in a start box and given five trials each day for 25 d. A food pellet was placed directly in front of the object. The location of the object and the start box was changed for every trial. A trial began when the rat exited the box and ended when it located the food. Next, an additional 25 d of testing was given with the lights off.
Surgery. Surgery was designed to remove the entire hippocampus (H group). Anesthesia was maintained throughout surgery with isoflurane gas. Isoflurane concentration (delivered in O 2 at 1 L/min) was varied from 0.8-2.0% throughout surgery to maintain an optimal plane of anesthesia. The rat was placed in a Kopf stereotaxic instrument, and the incisor bar was adjusted until Bregma was level with Lambda. Bilateral excitotoxic hippocampal lesions were produced by local microinjections of ibotenate acid (IBO; Biosearch Technologies). IBO was dissolved in 0.1 M PBS to provide a solution with a concentration of 10 mg/mL, pH 7.4. IBO was injected at a rate of 0.1 μL/min with a 10-μL Hamilton syringe mounted on a stereotaxic frame and held with a Kopf Microinjector (model 5000). The syringe needle was lowered to the target coordinate and left in place for 1 min before beginning the injection. Following the injection, the syringe needle was left in place for a further 2 min to reduce the spread of IBO up the needle tract (for coordinates, see ref. 1). The procedure for the sham-operated control (CON) group was the same as for the lesion groups, with the exception that the dura was not punctured and IBO was not injected. Once awake and responsive, each rat was returned to its home cage in the colony room for a 14-d recovery period.
Odor Test. A probe trial was given each day following the four standard trials to assess if rats were using odor trails to guide them back to the start box. On these trials, a food pellet was placed near the middle of the table on the fixed, central platform. When the rat located the food pellet, the table was rotated by 90°(both clockwise and counterclockwise rotations were used). This procedure displaced odor cues by 90°relative to the location of the start box. If a rat were following an odor trial, then its return path should be biased toward the direction of rotation.
For data analysis, we calculated how often the rat returned to the original start box (now displaced by 90°) and how often the rat returned to the box that now occupied the same spatial location as the box where the rat began the trial. We also calculated how often the rat returned to the box opposite to the displaced box.
Histology. At completion of testing, rats were administered an overdose of sodium pentobarbital and perfused transcardially with buffered 0.9% NaCl solution followed by 10% formaldehyde solution (in 0.1 M phosphate buffer). The brains were then removed and cryoprotected in 20% glycerol/10% formaldehyde. Coronal sections (50 μm) were cut with a freezing microtome beginning at the level of the anterior commissure and continuing caudally through the length of the hippocampus. Every fifth section was mounted and stained with thionin to assess the extent of the lesions. All sections from the anterior commissure to the posterior-most section of the hippocampus (at least 11 sections for each rat) were examined to assess the locus and extent of damage in the hippocampus and adjacent structures. The percent of hippocampal damage was calculated from four coronal sections (2) (Bregma −2.8 to −5.8 mm in 1-mm intervals). (1), temporopolar cortex (TP) extends medially from the inferotemporal sulcus to the fundus of the temporopolar sulcus. TP extends rostrally from the tip of the temporal pole caudally to the limen insula (LI), which approximates the border between the TP and perirhinal cortex. Caudal to TP, the collateral sulcus (CS) is the most important structure for the identification of medial temporal lobe cortices. At its most rostral extent, the CS is surrounded entirely by perirhinal cortex (PR). Caudally, entorhinal cortex (EC) extends from the midpoint of the medial bank of the CS to the subiculum, whereas PR extends laterally from the midpoint of the medial bank of the CS to the inferotemporal cortex. Two millimeters caudal to the disappearance of the gyrus intralimbicus of the hippocampus (H), the CS is surrounded by parahippocampal cortex (PH). The caudal border of the posterior PH is defined as lying 1.5 mm posterior to the crus of the fornix at the point where the fimbria turns upwards to continue as the posterior pillars of the fornix and posterior to the pulvinar nucleus of the thalamus (2). The top section shows the TP. Note that the portion of the temporal lobe missing in GP corresponds to TP and involves the lateral temporal lobe to a minimal extent (∼10%). None of the patients with limited hippocampal lesions has damage evident at this level. For L.J., only the tip of the temporal pole is visible at this level. For G.W., the PR, not the more rostral TP, appears in this section. The second section shows the PR surrounding the CS and the LI, which is the region where the cortex of the insula is continuous with the inferior cortex of the frontal lobe. The LI appears on the left side in D.A., but is evident only on the right side in the control brain and in G.W. In the other brains, it appears caudal to this section. The third section shows the CS and surrounding perirhinal and entorhinal cortices. For D.A., bilateral damage to the globus pallidus is evident at this level, presumably secondary to heroin overdose. For G.P., no CS or surrounding tissue is evident. The fourth section shows the anterior hippocampus and the adjacent perirhinal and entorhinal cortices. The hippocampus is absent bilaterally in G.P., and no CS or surrounding tissue is evident. D.A. and G.W. have extensive damage to the hippocampus at this level. K.E.'s hippocampal damage is not evident at this level, but small bilateral lesions in the basal ganglia secondary to toxic shock syndrome are apparent (and to a lesser extent in section 3). The fifth section shows the hippocampus and the adjacent perirhinal and entorhinal cortices. G.P. has no medial temporal lobe tissue at this level. Extensive hippocampal damage is evident at this level in D.A., K.E., and G.W. The CS and the surrounding perirhinal and entorhinal cortices appear normal in all of the hippocampal patients. The sixth section shows PR on the lateral bank of the CS near the perirhinal/PH border. No medial temporal lobe tissue is evident in G.P. at this level. Also at this level, damage is evident in the hippocampal region of all of the hippocampal patients. The PR appears normal in D.A. and L.J., and the PH appears normal in D.A. and G.W. For K.E., the cortex adjacent to the hippocampus (near the perirhinal/PH border) also appears normal. The seventh section shows the hippocampus and the CS, surrounded by PH. G.P. has little normal medial temporal lobe tissue in either hemisphere. The patients with limited hippocampal lesions have moderate damage to the hippocampus at this level but the PH appears entirely normal. The warping artifact in the right lateral temporal lobe of G.W. on this section as well as on the eighth section, did not interfere with the assessment of his damage. The eighth section also shows the hippocampus. The PH appears normal at this level in K.E. and L.J. These two patients have moderate hippocampal damage at this level. For patients with limited hippocampal lesions, no damage is evident posterior to this level. For G.P., volume reductions were not recorded at this level, but some sulcal widening is apparent.
Parsing a brain region's disparate roles
The hippocampus and related structures in the brain's medial temporal lobe (MTL) are thought to mediate both long-term memory and spatial cognition, but the link between these seemingly disparate functions remains unclear. Soyun Kim et al. (pp. 4732-4737) explored the effects of MTL damage on path integration, the ability to return to a starting point after navigating an environment. Five patients with MTL damage and 11 healthy participants were blindfolded, given noise-cancelling earphones, and asked to find a square tile on the floor of a small circular arena before returning to the start site. A similar experiment was performed in rats with and without hippocampal lesions. Patients with MTL damage found their way back to the start site as efficiently as did healthy participants when the path was relatively straight and navigated quickly, the authors found. By contrast, rats with hippocampal lesions could not accurately return to the start site, no matter how short or direct the path. According to the authors, the findings suggest that rats may have difficulty constructing a coherent working memory of their spatial environments; alternatively, spatial working memory may be preserved after MTL damage in humans but not in rats. -A.G.
Immature human brain organizes early to decipher speech
At birth, children can discriminate syllables and recognize human language. Although certain auditory capacities form prior to term, whether and how these immature cortical circuits process speech remains unclear. Using bedside functional optical imaging, Mahdi Mahmoudzadeh et al. (pp. 4846-4851) examined linguistic and nonlinguistic discrimination in 12 sleeping 28-32 week gestational-age preterm infants, the earliest developmental stage at which cortical responses to external stimuli can be recorded, to evaluate human cerebral responses to syllables at a time when many neurons in the brain are still migrating to their final location. The authors found similarities between the preterm and adult linguistic networks, including differentiable neural responses to changes between the "ba" to "ga" phoneme and from a male to female voice. In addition, although both tests elicited responses in the right frontal region, changes of phoneme elicited a response in the left frontal region, suggesting that certain linguistic areas of the brain have already organized to a sophisticated degree as early as 3 months prior to full term. The findings demonstrate that the immature human brain organizes early in development to establish neural functions that help recognize and decipher certain aspects of speech, according to the authors. -T.J.
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Antibacterial peptides and drug design Antimicrobial peptides (AMPs) are tools of host defense that kill bacteria by disrupting their cell membranes. The peptides' broad spectrum of activity, coupled with the low risk of inciting resistance, make AMPs attractive candidates for rational drug design, but mammalian AMPs are insufficiently understood on a molecular level to serve as a template for such an endeavor. Chen Song et al. (pp. 4586-4591) dissected the structure and mechanism of action of the human AMP dermcidin (DCD). Xray crystallography of DCD revealed a tight barrel consisting of three antiparallel peptide dimers enclosing a hydrophilic channel, with several lateral openings or eyelets. When DCD was added to a membrane bilayer in the presence of a membrane potential and Zn 2+ ions, the peptide exhibited channel activity. Molecular dynamics simulations, which were highly consistent with observations from electrophysiology, showed DCD crossing the membrane at a lipid-dependent angle and forming a highly permeable water and ion channel with a conductance of 80-110 pS, sufficient to dissipate the transmembrane potential of a bacterium on a millisecond time scale. The tilting of DCD allows ions to enter the channel through the eyelets, speeding up the process. According to the authors, the findings may provide a foundation for the rational design of AMP-based drugs. -C.B.
4432 | www.pnas.org/cgi/doi/10.1073/iti1213110
EEG signatures to detect loss and recovery of consciousness
General anesthesia is required for most surgical and many nonsurgical procedures, but anesthesiologists do not yet have a reliable way to be certain that a patient given general anesthesia is unconscious. To identify electroencephalogram (EEG) signatures associated with loss and recovery of consciousness, Patrick Purdon et al. (pp. E1142-E1151) recorded high-density EEG in 10 healthy volunteers while administering increasing and decreasing levels of propofol. The volunteers' level of consciousness was assessed based on their ability to respond to words and click sounds every 4 seconds. The authors identified highly structured EEG signatures associated with different states of unconsciousness and sedation induced by propofol. During profound unconsciousness, the amplitudes of alpha and beta EEG waves were largest at the peaks of low-frequency oscillations, whereas during loss and recovery of consciousness these amplitudes were largest at the troughs of low-frequency oscillations. The transition between these two states could be used to predict when individuals lose and recover consciousness, the authors suggest. The findings provide insights into the mechanisms of propofol-induced unconsciousness and may present a way to precisely monitor the brain states of patients receiving general anesthesia, according to the authors. -S.R.
Molecular signatures of sleep deficiency
Sleep deficiency can lead to a host of health conditions including obesity, heart disease, and cognitive impairment, but the molecular mechanisms linking sleep to health remain largely elusive. Carla Möller-Levet et al. (pp. E1132-E1141) explored how inadequate sleep alters gene expression in human blood. The authors studied 26 volunteers who were allowed to sleep less than 6 hours, or as long as 10 hours, every night for 1 week. After each week, the volunteers stayed awake for about 40 hours and provided blood samples during this time. Analysis of RNA from the samples revealed the effects of insufficient sleep on the expression of 711 genes and numerous biological processes including metabolism, inflammation, immunity, and various cell stress responses. Furthermore, inadequate sleep reduced the number of genes that normally peak and wane in expression throughout the day from 1,855 to 1,481, and reduced the amplitude of expression for the remaining genes. The authors found that the number of genes affected by total sleep deprivation was seven times higher after a week of insufficient, compared with sufficient, sleep. According to the authors, the findings reveal the effects of sleep deficiency on gene expression in human blood and how sleep could influence human health. -A.G.
The human host-defense peptide dermcidin (DCD) can form helices and bind to the surface of membranes (Upper Left). In the presence of Zn 2+ ions, it assembles into a hexameric structure, which was crystallized (Upper Right) and found to form tilted ion channels in membranes (Middle). Driven by transmembrane potential, ions traverse the pore by permeating into and out of channel eyelets at its side. The distinct channel activity of DCD was recorded by electrophysiology (Bottom panel).
